When untreated wastewater is used for the irrigation of crops, dissolved heavy metals may impose negative impacts on plant growth and pose health risks. However, silicon nutrition may improve plant tolerance to metal toxicity through external and internal plant mechanisms. This work aims at investigating the effects of silicon on copper, nickel, manganese, cadmium and zinc detoxification in tomato plants. The plants were grown for 50 days by irrigating with tap water and wastewater and having silicon added at 25, 50 and 75 mg kg -1 soil. Results revealed that wastewater irrigation caused an increase of 277-480% in copper, 178-233% nickel, 355-680% manganese, 500-900% cadmium and 117-337% zinc in tomato plants compared to tap water irrigation. The root:stem metal ratios showed that a major portion of absorbed metals was translocated to aerial plant parts when wastewater was applied without silicon. However, silicon supplementation precipitated the metals in soil and influenced their uptake and partitioning within the plant body. The shoot dry matter of tomato plants was negatively correlated with wastewater-induced stem metal concentrations. This study suggests that silicon-assisted metal tolerance of tomato plants was attributed to metal precipitation in soil, complexation in roots and, hence, reduction in their translocation to stems and leaves.
INTRODUCTION
Wastewater is a complex resource with both advantages and disadvantages for its use in irrigating crops. The main reasons for the use of wastewater are lack of alternative water resources, the reliability of wastewater supply, the nutrient value and proximity to urban markets. Rattan et al. () reported that sewage water is a rich source of essential plant nutrients and organic matter, and hence it improves soil fertility and soil structure.
Farming communities in semi-urban areas are using wastewater for irrigation due to its easy availability. However, there are many concerns about the environment, crop quality and soil sustainability in using such untreated wastewater. It may contain heavy metals which impose negative impacts on plant growth and soil health (Bazai & manage metal ions of wastewater before its use in irrigating agricultural land.
There are a number of strategies available, including cementation, solvent extraction, evaporation, ion exchange, biological treatment and membrane processing, to reduce the hazardous elements in wastewater. However, these conventional technologies have raised the issues of efficacy when faced with low metal concentrations, high start-up or operating costs and low metal selectivity. Recently, it has been suggested that silicon (Si) may be used to ameliorate heavy metal toxicities in a wide variety of crops (Liang et Neumann & Nieden () reported the accumulation of zinc silicate in the vacuole and cell wall of Cardaminopsis halleri leaves as a tolerance mechanism to cope with the metal toxicity. Rogalla & Römheld () observed that cucumber (Cucumis sativus) plants treated with Si presented decreased Mn concentration in the cell wall. Okuda & Takahashi () demonstrated that in rice plants Si reduced Mn uptake by promoting oxidizing power of the roots, while in bean plants Si did not reduce Mn uptake, but resulted in a homogeneous distribution of Mn in leaf blade (Williams & Vlamis ) . Horst et al. () found that Si modified the cation binding properties of the cell wall and led to a lower apoplasmic Mn concentration in cow pea. Iwasaki et al. () demonstrated that Si maintained the reduced conditions that promoted the oxidation of excess Mn and its interaction with phenolics in the solution phase of apoplast.
Similarly, it has been reported that the alleviation of Mn toxicity through Si application in cucumber plants was ascribed to a significant reduction in membrane lipid peroxidation Zn co-existed with Si in cytoplasm. It was suggested that the formation of Zn-silicate could be part of the mechanisms of Zn toxicity alleviation. Chen et al. () reported that an increase in soil pH by the application of Si was dependable in reducing Cd uptake by plants. Shi et al. () reported that heavy deposition of Si around the endodermis of rice roots physically blocked the apoplast bypass flow across the roots and restrained the apoplastic transport of Cd.
Previously, very little information was available regarding the role of Si in the management and reuse of wastewater having higher concentrations of metals for crop production, particularly vegetables, which were mostly irrigated with wastewater. Therefore, the objectives of this work were to investigate (1) the effect of wastewater on plant growth and metal accumulation in tomato plants and (2) the effect of Si on metal uptake and partitioning into different plant parts of tomato plants grown with wastewater irrigation.
MATERIALS AND METHODS

Plant culture
Twenty-five-day-old healthy and uniform seedlings of the tomato (Lycopersicon esculentum L.) variety 'Sahal' were transplanted into earthen pots, 28 cm in diameter and 30 cm deep, having a basal hole and filled with 12 kg of well-prepared soil in each pot. The soil was silt loam having electrical conductivity (EC) 0.97 dS m -1 , pH 7.9, sodium adsorption ratio (SAR) 9.8 (mmol L À1 ) 1/2 , organic matter 0.62%, Cu 12.9 mg kg À1 , Ni 13.1 mg kg À1 , Mn 52.9 mg kg À1 , Cd 0.96 mg kg À1 and Zn 44.6 mg kg À1 .
Initially, two plants were transplanted into each pot and then thinned to one after 15 days. A measured quantity (800 mL) of tap water and wastewater was applied to respective treatments at appropriate intervals. Analysis of tap water and wastewater is shown in Havlin & Soltanpour () .
Statistical analysis
The statistical analysis was conducted using M stat-C. The experiment was designed and analysed based on a completely randomized design with five replications. Data were subjected to analysis of variance (ANOVA) to compare the effects of treatments. The differences between the means were compared using the least significant difference test (LSD, P 0.05) (Steel et al. ) .
RESULTS
Biomass accumulation and partitioning
Wastewater-induced metal toxicity produced a significant (P 0.05) effect not only on biomass accumulation but also on its partitioning to shoots and roots of tomato plants ( added Si. The present study exhibited a consistent increase in dry matter production with the increase of Si concentration up to 50 mg kg À1 soil, beyond which it did not further increase by increasing Si to 75 mg kg À1 soil ( Table 2 ). The root:shoot ratios were 67% higher in wastewater irrigation compared to tap water control irrigation.
However, when Si was added to wastewater irrigation, the root:shoot ratios were decreased by 47, 41 and 49% with 25, 50 and 75 mg Si kg À1 soil, respectively, compared to wastewater irrigation having zero Si.
Copper accumulation and partitioning
Wastewater irrigation caused a significant (P 0.05) increase in Cu concentration of tomato plants grown with untreated wastewater compared to the tapwater control irrigation ( Table 3 ). The increase in Cu concentration also significantly (P 0.05) varied in different plant parts. Values followed by the same letter in a column were not significantly different at P 0.05. (Figure 2) .
Manganese accumulation and partitioning
Manganese is also a trace element, but its high quantity causes deleterious effects on the health of plants. The present study indicates that Mn concentration was significantly (P 0.05) increased in tomato plants irrigated with wastewater compared to the tap water control ( (Figure 3) .
Cadmium accumulation and partitioning
Cadmium is a highly toxic trace element and has been ranked number seven among the top 20 toxins (Christopher ) . Wastewater irrigation produced a significant (P 0.05) effect on Cd accumulation and partitioning in tomato plants ( increased by 233% with the application of 25 mg Si kg À1 soil, 400% with 50 mg Si kg À1 soil and 178% with 75 mg
Si kg À1 soil compared to wastewater irrigation without supplemental Si. The stem:leaf Cd ratio was increased by 25% with the application of 25 mg Si kg À1 soil and 17%
with 75 mg Si kg À1 soil compared to wastewater irrigation without supplemental Si (Figure 4) . soil and only 1% with 75 mg Si kg À1 soil compared to wastewater irrigation without supplemental Si ( Figure 5 ). 
Zinc accumulation and partitioning
Metal accumulation in soil
The concentrations of heavy metals in soil irrigated with tap water and wastewater with different levels of Si are shown in Likewise, the soil Zn concentration was increased by 7.7% Wastewater irrigation produced marked effects not only on biomass production but also on heavy metal deposition in soil, as well as their uptake, accumulation and distribution in different plant parts. Sushant & Scott () indicated that, due to long-term use of sewage sludge, higher values of metals were built up in the soil, which influenced their uptake and accumulation within the plant body and led to phytotoxicity. The reduction in root:stem metal ratios under wastewater irrigation compared to tap water control indicated that roots retained less and translocated more metals to stems and leaves to adapt to the stress con- (Table 5 ).
CONCLUSION
Wastewater irrigation markedly influenced metals' deposition in soil as well as their uptake, accumulation and distribution among plant tissues in tomato plants. When wastewater was used without supplemental Si, most of the absorbed metals were translocated to aerial plant parts, reducing shoot dry matter more, and led to higher root:
shoot ratios. However, Si supplementation ameliorated wastewater-induced metal toxicity by precipitating metals in soil as well as retaining more metals in roots, reducing their translocation to stems and leaves and, consequently, improving biomass accumulation. Although all levels of applied Si were significantly effective in mitigating metal toxicity, 50 mg Si kg À1 soil gave relatively better results compared to the others. This study indicates that wastewater can safely be used to irrigate crops without accumulating toxic concentration of heavy metals, particularly in aerial plant parts, using Si supplementation.
